Abstract
Microglia within the retina are continually replaced from the bone marrow and are the resident myeloid-derived cells within the retina. Throughout life, microglial function is conditioned by the microenvironment affording immunomodulation to control inflammation as well as functioning to enable normal development and, during adulthood, maintain normal retinal function. In adulthood, recent evidence supports the concept that the retina continues to replace cells to maintain optimal function. Although in some cases after injury, degeneration, or inflammation there remains an inextricable decline in visual function inferring a deficit in cell replacement, the deficit could be explained by microglial cell activation influencing the ability of either retinal progenitor cells or recruited progenitor cells to integrate and differentiate appropriately. Myeloid cell response differs depending on insult: it is evident that during inflammation microglia and the infiltrating myeloid cell function are conditioned by the cytokine environment. Indeed, modulating myeloid cell function therapeutically suppresses disease in experimental models of autoimmunity, whereas in non-inflammatory models microglia have little or no effect on the course of degeneration. The extent of myeloid activation can help determine retinal progenitor cell turnover. Retinal progenitor cells may be isolated from adult human retina, which, albeit limited, display mitotic activity and can differentiate. Microglial activation secreting IL-6 limits progenitor cell turnover and the extent to which differentiation to postmitotic retinal cells occurs. Such 
Active turnover of retinal microglia
Microglia represent the myeloid cell population of the retina and CNS. In the retina, there are two populations: perivascular macrophages anatomically situated within the glial limitans of the inner retinal vasculature and ramified retinal microglia within the tissue parenchyma.
1,2 More recently, we have understood better the dynamics of cell replacement. Although timing varies between different laboratory data, consistently the data show that bone marrow-derived monocyte precursor cells are able to migrate across the blood-retinal barrier and show complete replacement of the retinal myeloid cell population within 6 months, 3, 4 with little evidence of in situ proliferation determining cell turnover. Phenotypic analysis during cell replacement also presents us with a further understanding of the chronology and temporal sequence of cell replacement, which closely follows that observed during retinal development. 5 There appears to be a migration pattern to cell replacement, in which the majority of the cells enter through retinal circulation, and is likely to be stochastic. Initially, cells are replaced at the peripheral, marginal, and juxtapapillary retina, followed by other retinal sites and finally the retinal parenchyma. From the inner retina, replacement spreads outwards to the photoreceptor layer. The change in phenotype observed (see Figure 1) 6 The implications of this turnover are that although this remains a dynamic active process, the resulting microglial function will depend upon the microenvironment and signals from the retina that they find themselves (see below for myeloid cell activation). Therefore, in humans, even if we replace or, where necessary, increase the number of myeloid cells within the retina, homoeostasis will not be achieved unless cells receive signals akin to the normal 'resting' retina. Thus, a balance is required between a positive, initially beneficial response of microglial/myeloid cell activation to injury, ischaemia, degeneration, or inflammation and signals to return to the homoeostatic activation status to facilitate and maintain normal retinal function.
The interaction of microglia with other retinal cells such as glia has previously highlighted the importance of microglial behaviour/activation status and the subsequent cell-cell (directly or indirectly through soluble mediators) interaction that controls glial cell-mediated growth factor support for photoreceptor survival during degeneration. 7, 8 Taking such observations further, growth factors, especially FGF2, and also regulation through neurotrophins (NT3 and cognate p75NTR and TrkC receptors expressed on Muller glia) provide survival signals directly or indirectly (through FGF2 production) not only for neuronal and photoreceptor survival but also for promoting the survival and turnover of neural progenitor cells. 9 Myeloid cell activation: control of microglia in the retina Macrophages are fundamental to the innate immune system possessing a rapid ability to adapt to both cognate and soluble receptor signalling (eg, through cytokines and chemokines), which determine their response. Consequential to possessing cell surface and intracellular pattern-recognition receptors (Toll-like receptors (TLR) and NLR), 10 they respond to danger signals from invading pathogens. However, their behavioural plasticity, more than just defence against microbes, is emphasised by their function during development, in wound healing, bridging and activating acquired immunity, and in degeneration. 11, 12 Moreover, most tissue possess a stable population of myeloid cells facilitating homoeostasis within that tissue, as seen with retinal microglia. 13 To understand the function of retinal microglia, briefly reviewing the activation of macrophages is important. Macrophage response and function is dependent on activation status ( Figure 2 ). Besides recognising that in vivo macrophage responses display plasticity, a pragmatic classification of effector responses can be Figure 1 Phenotype of myeloid and microglial populations within mouse retina. Utilising a chimaeric bone marrow EGFP-transgenic mouse model we were able to demonstrate microglial repopulation of the retina. 4 Following reconstitution of bone marrow of normal adult C57BL/6 mice with EGFP bone marrow, we could visualise replacement of retinal microglia over a 6-month period. Further immunohistochemical analysis defined a varying microglial phenotype, as previously described by flow cytometry, 1 dependant upon anatomical residency of microglia. In the mouse, this was particularly true with respect to F4/80 expression, where amoeboid ganglion layer microglia were F4/80 high and ramified parenchymal microglia were F4/80 low . defined 14 as follows: (i) classical activation through TNFdependent IFNg or TLR-4-dependent lipopolysaccharide (LPS) stimulation, generating a cytolytic, highly reactive oxygen species-and nitric oxide (NO)-producing cell alongside numerous pro-inflammatory cytokines, including IL-1 and IL-6; (ii) alternative activation through IL-4, IL-10, TGFb, or IL-13 stimulation, generating phagocytosis and proline for collagen deposition and extracellular matrix deposition; and (iii) cognate deactivation through signalling of cell surface receptors such as CD200Receptor (CD200R). Whether macrophages activate through the classical or any alternate pathway is in part dependent upon regulation of enzymes acting on a single arginine substrate through NO synthase 2 (NOS2) or arginase, respectively.
15 NOS2 or arginase activation in turn generates a polarisation of macrophage function, designated M1 or M2, respectively, that influences particularly whether Th1 or Th2 immune response occurs.
In the retina, microglia do not constitutively express NOS2, and their ramified morphology suggests a resting state because, traditionally, activation was thought to be synonymous with change to an amoeboid morphology. However, recently, elegant dynamic imaging of microglia within tissue explants has shown that microglia are active and dynamic with respect to retraction and extension of their processes and ultimately, and not previously appreciated, migration is evident even when ramified. 16 Notwithstanding current observations, microglia show little other evidences of classical activation in normal retina. Evidence suggests that the retina bestows a cognate deactivation of microglial function. The retina, in both rodents and man, is endowed with a large amount of neuronal expression of CD200, 17 a member of the immunoglobulin superfamily, 18 and microglia, like other myeloid cells, express their cognate inhibitory receptor CD200R. 19 Interaction between neuronal CD200 and myeloid CD200R helps control microglial activation by inhibiting the ability to express NOS2 and generate NO, 20 signalling not through traditional ITIM but through inhibition of MAPkinase activation by mobilising adaptor proteins Dok-1 and Dok-2. 21 Indirectly, the notion that retinal microglia are tonically suppressed in situ is also supported by our observation that in human retinal explants exposure to IFNg or LPS results in a high production of IL-10 rather than NOS2 or NO, although pro-inflammatory cytokines such as IL-6 and IL-1 are generated. 22, 23 This does not prevent LPS-induced microglial migration (and not inducing classical Figure 2 Schematic demonstrating control of myeloid cell activation. Myeloid cells, including microglia, show a high degree of behavioural plasticity and are able to respond rapidly as part of the danger signal generating innate immunity. Their activation is multifactorial, but principal mechanisms include ligation of PAMPs following microbial and viral infection or indirectly through tissue response and cytokines as a result of inflammation, infection, or degeneration. Both mechanisms of activation constitute pathways to mobilise acquired immunity through antigen presentation and dendritic cell activation and together form powerful mechanisms to control danger signals and insults. The effector response, therefore, of monocytes and macrophages will be conditioned by the microenvironment and the signals they receive, be it classical activation (M1 macrophage) or alternative (M2 macrophage). In the CNS and retina, there are mechanisms that refine control of unwanted cell activation through cognate control of macrophage (microglial) activation, in particular, through the inhibitory receptor CD200R while maintaining the ability to rapidly migrate and respond to insults through fractalkine and cognate receptor on microglia (CX 3 CR1). activation), which is both fractalkine (CX 3 CR1) and CD200R dependent, 24 and thus still maintains the potential of microglia to migrate in response to injury.
Microglia and macrophages during inflammation and degeneration
There are distinct responses of microglia depending on the initiation and mechanisms of retinal insult. In autoimmune inflammation of an experimental model of autoimmune uveoretinitis (experimental autoimmune uveoretinitis (EAU)), myeloid cell infiltrate occurred in response to T-cell-mediated disease, and during peak inflammation myeloid cells displayed classical activation status (NOS2 expressing and NO generating). Conversely, in this model, the activation status of myeloid cells varied during the course of the disease. 25 During resolution, macrophages were not classically activated but displayed a phenotype of alternative activation (expression of mannose receptor and MHC class II high NOS neg , and generation of b-glucuronidase). Importantly, further studies in mice showed that the extent of GR-1 þ CD11b þ macrophage infiltration is greatest during peak disease and, together with other myeloid cell infiltration at peak disease (neutrophils), macrophage numbers never return to normal. 26 During resolution and afterwards, there remains an increase in numbers of GR-1 þ Ly6G À CD11b þ macrophages within the retina. Therefore, in autoinflammatory models, a paradigm of macrophage activation during EAU can be generated. Macrophage activation of infiltrating cells occurs secondary to the T-cell-mediated EAU resulting in a TNF-dependent classical activation (M1) secondary to T-cell production of IFNg and, finally, tissue destruction, 27 which may be suppressed by either removal of macrophages 28 or inhibition of TNFa production, 29 that has been translated into treatments for uveitis. 30 Inducing alternative (M2) macrophage activation through gene therapy with IL-10 is another viable future therapeutic option. 31 During resolution of EAU there remains increased cell numbers and a balance between macrophage infiltration and T cells, which now demonstrate alternative activation (M2) and a regulatory T-cell phenotype, respectively. 26 Further evidence of the benefit of manipulating macrophage activation is observed on attempting to therapeutically mimic the homoeostatic state through the activation of inhibitory CD200R with agonist monoclonal antibodies (mAbs), 32 redressing the balance and controlling macrophage activation with consequent suppression of retinal inflammatory disease.
However, contrary to the macrophage function observed during T-cell-mediated inflammatory disease, during degeneration, retinal microglia display divergent functions. In RDS mice, which are homozygous for a null mutation in the Prph2 gene that encodes a structural protein peripherin 2, essential for the formation and maintenance of normal outer photoreceptor segments, there are large increases of microglial numbers during degeneration. 33, 34 However, in this model, retinal microglia do not demonstrate classical activation as they remain NOS2 neg and without evidence of nitrotyrosine production, but, particularly in subretinal macrophages, they express sialoadhesin. Sialoadhesin (Siglec; a sialic acid-binding protein) has been implicated in a subset of macrophages activated for phagocytosis and not for antigen presentation during inflammation. 35 Although reports have generated disparity as to the extent of sialoadhesin expression, there remains consistency in the presence of sialoadhesin-positive macrophages in the subretinal space following retinal transplantation in these degenerative models. 36 Together, irrespective of whether resident microglia express sialoadhesin, neither microglia nor macrophage infiltrates appear to negatively influence the course of degeneration, although they may influence the fate of transplanted tissue or cells. Removal of macrophages by clodrinated liposome treatment does not alter the course of degeneration in RDS mice. 33 No matter whether through inflammation or degeneration, microglial and macrophage activation is present. Although we have observed discrepancy in activation status according to the signals the cells receive, understanding what controls microglial/macrophage activation will help in redressing homoeostasis, facilitating tissue repair and cell replacement, and therapeutically increase the chances of cell or tissue transplantation for the treatment of degenerative disease.
Retinal progenitor cells
Although there remains little dispute that in rodents a retinal stem cell population exists in ciliary body/ciliary marginal zone (CMZ) 37 and that retinal progenitors/ precursors are numerous during the development of the retina and cell transplantation results in integration and restoration of function, 38 their existence in adult human retina remains controversial. To maintain tissue and cellular homoeostasis and function, cellular replacement is likely to be ongoing yet inconspicuous. Progenitor cells from either developing or adult tissues are potentially dividing and differentiating (in various stages and pathways of differentiation), and many markers are used to positively or negatively select cell populations of interest. Progenitor cells divide very rarely. 39, 40 These progenitor cells are thought to differ from stem cells in that their proliferation is most likely asymmetricFthat is, whereas some cells retain the properties of the parent cell and some begin the process of differentiation into mature cells, 40 and more quiescent populations of progenitor cells are described in other sites. 9, 41, 42 We have noted the expression of nestin (embryonic type VI intermediate filament) in adult human retina. 43 Nestin is expressed during development and is a signature of mitotically active progenitor cells, particularly neuronal, within cells in the subventricular zone of the CNS. The observation of nestin-positive cells in CMZ as well as in radial cells within the retina infers the presence of progenitor cell populations within the retina as well as that of cells capable of directing migration of cells within the tissue towards cell renewal. 44, 45 Others have also described from an immortalised Muller glia cell line the potential of cell depots with progenitor cell potential. 46, 47 Further, our initial observations demonstrated that cells from epiretinal membranes of surgical specimens expressed nestin. 43 We have isolated a population of nestin-positive CD133 þ CD90 À cells from adult human retina that show, albeit small, a significant capacity to divide and generate neurospheres and differentiate into neurones, glia, and photoreceptors (Carter et al, unpublished data). These cells are maintained by LIF (leukaemia inhibitory factor) in a proliferative but undifferentiated state. LIF signals through gp130 (part of IL-6 and associated with LIF receptor), driving progenitor cells to re-enter the cell cycle. 48, 49 Adult retinal nestin-positive CD133 þ CD90 À cell subsets and behaviour should not be compared directly with the hallmarks of stem cells, which have a high rate of logarithmic expansion of totipotent cells usually associated with embryonic tissue.
Given our ability to isolate retinal progenitor cells, and ours and others' observations of microglial and macrophage activation during inflammation or degeneration, it is now possible to investigate directly the fate of retinal progenitor cells under the influence of microglial activation.
Microglia influence retinal progenitor cell function
Following our protocol that isolates retinal progenitor cells from adult human retina, 44 we further noted that with exogenous addition of pro-inflammatory cytokine IL-6, the ability to generate neurospheres, a hallmark of cell turnover and differentiation of progenitor cells (see above), is diminished. This effect was reversed when IL-6 was neutralised effectively with a specific anti-IL-6 mAb. Therefore, using an experimental paradigm in which adult human retinal microglia are isolated from retinal explants [22] [23] [24] and activated through exogenous LPS and IFNg, we can generate microglial activation, generating IL-6. Under these experimental conditions, microglia displayed a cell surface phenotype of CD45, MHC class II, CD68, CD11b, CD200R, IL-6R, LIF-R, and TLR-4, and the supernatant from activated microglial cultures was able to suppress the ability of retinal progenitor cell to generate neurospheres. In the neurospheres that were formed, the capacity to differentiate was not restricted. Turnover of cells with progenitor behaviour was again restored under these experimental conditions when IL-6 was effectively neutralised within the supernatant with anti-IL-6 mAb (B Balasubramaniam et al, unpublished observations). Within the CNS, similar observations are noted: at sites of retinal destruction, microglia play a key role in co-ordinating tissue responses and modulating the immune response, removal of debris by phagocytosis, and tissue reconstruction. Activated MG secrete IL-6 and IL-8, which may influence retinal progenitor cell behaviour. 50 Activated microglial cells may have dual capacity to modulate neurogenesis, either by enhancing the proliferation of progenitor cells or by inhibiting neurosphere generation and, subsequently, the extent of differentiation. The balance between pro-and anti-inflammatory secreted molecules as a direct consequence of microglial or myeloid cell infiltration in disease states influences the behaviour of neural progenitors. 51 Our current preliminary observations and identification of a pro-inflammatory cytokine, IL-6, released from activated MG, with neurosuppressive potential in the adult human retina, and subsequent enhancement of neurosphere generation and maintenance in cultures following IL-6 neutralisation support a co-ordinated role for activated microglia, in turn governed by signals from the retinal microenvironment, in regulating retinal progenitor cells (Figure 3 ).
